Introduction
Although all of the world's population has access to water, in many places the water that is available is often not safe, sufficiently affordable or available in adequate quantities to meet basic health needs. In 2010, the United Nations General Assembly declared "safe and clean drinking water and sanitation as a human right that is essential for the full enjoyment of life and all human rights". 1 The General Assembly explicitly called for actions leading to the provision of "safe, clean, accessible and affordable drinking water and sanitation for all". 1 This recognition of access to safe water as a human right came at the mid-point of the International Decade for Action "Water for Life". 2 This Decade, which began in 2005, was intended to generate momentum in meeting various international water and sanitation targets. The aim of one such target, Millennium Development Goal (MDG) target 7c, was to halve -from the value for the year 1990 -the proportion of people without sustainable access to safe drinking water by 2015. 2 The World Health Organization/United Nations Children's Fund Joint Monitoring Programme for Water Supply and Sanitation (JMP) is charged with tracking progress in meeting global targets set for water and sanitation coverage, including the relevant MDGs. The JMP's current metrics are useful tools for those who are attempting to examine, encourage and direct national and global progress in access to safe drinking water and adequate sanitation. In its Progress on drinking-water and sanitation: 2012 update, the JMP indicated that MDG target 7c had been met in 2010, when an estimated 89% of the world's population had access to "improved" water sources. 2 Despite this encouraging claim, significant challenges remain in ensuring that safe water is consistently accessible to all. 3, 4 Current JMP metrics do not directly measure two explicit goals of MDG target 7c -water safety and water sustainability -partly because there is no consensus on the definitions and measurement of these concepts. Recently, the JMP has assigned a Post 2015 Water
Monitoring Working Group to draft new measures for post-2015 monitoring. Key outputs from this Group's work are available on line. 5 The "service-ladder" approach to water monitoring after 2015 5 is intended to be realistic, achievable, ambitious and compatible with previous targets and metrics. In this approach, the proposed post-2015 metrics for water access will take account of both "basic" and "intermediate" levels of access. A household with basic access has no water service within the household, but a household member can reach a water supply, queue for water, if necessary, and return with water within 30 minutes. A household with intermediate access has an "onpremises" or "on-plot" water service that fails, on average, for less than 2 days in every fortnight and supplies water that has less than 10 colony-forming units of Escherichia coli per 100 ml. 6 The latter definition incorporates metrics for safety and reliability that were not included in the pre-2015 standard metrics for water access. Practical considerations related to the frequency and methods of testing and to who should perform the tests have not yet been decided and the metrics themselves have not been finalized.
The proposed service-ladder approach is meant to be consistent with the progressive realization of the human right to safe water. It is designed to encourage incremental gains, extend them beyond households to schools and health facilities and promote equitable access. In developing new metrics, the members of the Post 2015 Water Monitoring Working Group made a compromise between what is ideal in terms of water quality and service reliability and what is practically achievable and measurable. 6 By incorporating measures of reliability, quality and accessibility into the proposed post-2015 framework, future monitoring methods could lead to a more sophisticated understanding of the progress being made towards meeting the world's needs for safe drinking water. The same framework may also allow for a more accurate assessment of the changes in health risks that are associated with such progress.
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Our work on the microbial quality of "improved" drinking-water sources in south-eastern Asia (Fig. 1) 7-10 and other related research 11, 12 show that the current definition of "improved" does not reliably predict microbial safety -a fact that is widely acknowledged in the water sector. In this paper, we briefly discuss three interrelated factors that contribute to the sources of microbiological risk among households with access to "improved" water sources: water storage; risks specific to piped water supplies; and household water management practices. A critical examination of these factors reveals key priorities for further research on drinking-water safety and health. Most importantly, it indicates the need to place greater emphasis on the provision of microbiologically safe water at both community and household levels.
Water safety compromised by storage
Water must be available throughout the day to meet basic health needs for drinking, cooking and hygiene. A quantity of approximately 50 litres per person per day is recommended to minimize the health risks associated with poor hygiene. 13 For those using "improved sources" other than on-plot piped water, such as protected wells, springs, public standpipes or stored rainwater, water collection and storage are typically required. Where on-plot piped water is intermittent, storage may still be required. In 2010, over 40% of the world's population -including many users of "improved" sources -fetched water from outside the home. 2 The distance to the water source used by a household has been found to be a robust independent predictor of disease risk in that household. 14 In most countries, the burden of water collection is primarily borne by women and children and that burden is associated with a loss of household productivity, reduced school attendance and physical injury, particularly when water has to be carried over long distances. 15 If properly protected from the reintroduction of microbes, stored water will generally improve in microbial quality because of the settling and natural die-off of pathogens. Safe storage can therefore maintain or even improve the quality of drinking water and thereby reduce exposure to waterborne pathogens even without other treatment. Often, however, water is stored in open containers where it may be exposed to faecally contaminated hands, utensils and insects. There is a close relationship between hygiene, water safety and health, yet the dynamics of this relationship are not well understood. In several studies, unsafe water storage and water handling practices have been associated with elevated counts of "faecal indicator" bacteria in water collected at the point of consumption. [16] [17] [18] The health risks associated with water storage have been investigated in studies that have relied primarily on simple counts of E. coli -or of coliform bacteria in general -to evaluate water quality. In our study of the quality of household water from "improved" sources in Cambodia, we observed substantial and statistically significant contamination of drinking water during storage. 19 Arithmetic mean counts of E. coli in stored household tap water were significantly higher than those in samples taken directly from the tap. 19 Despite a wealth of evidence indicating that safe storage of water lowers the risk of exposure to waterborne microbes associated with diarrhoea, there have been few epidemiological studies of safe water storage with health measures as outcomes. While several trials of household water treatment have included interventions that included safe storage, 20, 21 only two published unblinded studies have attempted to measure a reduction in diarrhoea as the result of safe storage alone. 22, 23 In one of these, Günther and Schipper found that improved methods of water storage were associated with both a reduction in detectable E. coli in the water and a significantly lower risk of self-reported diarrhoea. 22 In the other study, which was based in a refugee camp in Malawi, Roberts et al. found that, compared with the other households in the camp, households with an improved water-storage container had 69% lower mean counts of coliform bacteria in their stored water and a 31% lower incidence of reported diarrhoea among children aged less than 5 years. 23 In another investigation, unsafe storage of water in the home was thought to have contributed to high prevalences of dengue and chikungunya fever. 24 Both of these diseases are caused by viruses respectively, while the piped water (n = 553) and rainwater supplies (n = 126) from Viet Nam were all investigated in 2009. 9, 10 In each case, the piped water supplies were on-plot and the rainwater samples came from dedicated rainwater-storage containers.
Policy & practice Improved water sources not always safe Ameer Shaheed et al. that are spread by Aedes aegypti and this species of mosquito often oviposits in uncovered domestic containers used to store water.
Unsafe piped water
A piped-to-plot water supply was available to an estimated 54% of the world's population in 2010. 2 The proposed post-2015 metrics include criteria for reliability and quality for a good reason: many existing piped water supplies do not consistently supply microbiologically safe water. Although piped water at the point of delivery can only be as safe as the water entering the system, this fact is not considered in current indicators of access to safe water. Some water suppliers, such as the small private suppliers common across Cambodia, simply pipe untreated or minimally treated water from high-risk sources. 25, 26 According to current definitions, the water leaving these suppliers' pipes can still be considered as coming from an "improved" source. More common, however, than the lack of adequate centralized treatment, are water supplies that are intermittent or marked by a range of other challenges related to operation and maintenance, with implications for health.
Although country-level data on the intermittency of water services are limited, estimates from utility surveys indicate that such intermittency is widespread across many countries (Fig. 2) . 28, 29 Some supplies, like those that we studied in Cambodia, operate not only intermittently but also seasonally. So many households switch to rainwater during the rainy season that piped delivery becomes unprofitable for the water suppliers. Other systems may be intermittent because of the need for frequent repair and maintenance. 30 There may also be pump failures and electrical outages or there may be intentional rationing when capacity is insufficient for a continuous supply. Systems that operate intermittently are unlikely to deliver safe water to users consistently. As leaks in buried water pipes are unavoidable, even with active programmes of maintenance and repair, the safety of a piped water supply relies heavily on maintaining positive pressure within the pipes to prevent the infiltration of environmental waters. When supply is intermittent, positive pressure cannot be maintained and water from outside the pipes -which is often highly contaminated, especially where sanitary improvements are lacking -may then contaminate the piped supply and cause health risks. In addition, consumers who have only intermittent access to piped water have to rely on household-level storage to meet their demand for water whenever the supply is interrupted.
Numerous studies have linked outbreaks of cholera and other waterborne diseases to interruptions in water supplies. 31, 32 The microbial risks associated with intermittent water supplies have also received some attention 28, [33] [34] [35] 
Access not a guarantee of consistent use
Regrettably, the availability of and access to low-risk water sources do not guarantee the consistent use of such sources over sustained periods. There is substantial heterogeneity and complexity in water-related behaviours among users of the variable and multiple sources that are the norm in many locations. For example, in Kandal province in Cambodia -where water is plentiful and access to "improved" water sources is commonwe observed tremendous complexity in household water management. 19 There were multiple water sources in use at any given time and the sources in use varied according to the season and whether the water was needed for drinking, cooking, hygiene or laundry. 19 Some households that had a piped water supply or access to a nearby well preferred to use stored rainwater for drinking. When their piped supplies were interrupted during the dry season, some households purchased untreated river water from tanker trucks. Such sourcing decisions are driven by convenience, perceptions of safety, aesthetic concerns -such as taste and smell -and a host of other factors. They may also lead to mixing of water from different sources. In our study of 914 Cambodian households, three quarters of the containers that held piped water also contained water Improved water sources not always safe Ameer Shaheed et al.
from other sources; at least 20% of the containers of each of the main types that we considered contained water from at least two sources; and many containers held water from both "improved" and "unimproved" sources. 19 Each of the sources and types of storage container that we investigated carried its own risk factors for microbial contamination. Households' perceptions of the relative safety of a source were also found to be uncorrelated with the level of microbial contamination of water from that source. 7 Similar use and mixing of water from multiple sources appear to be common in many other areas. 38, 39 Hence, the creation of the infrastructure needed to deliver safe water does not always result in safe drinking water for consumers at the point of consumption. The use of multiple sources of water also complicates efforts to quantify the proportion of households with access to safe water.
A better understanding of the complex behavioural factors surrounding the ways in which water is sourced and handled at the household level, as well as a better understanding of hygieneand sanitation-related behaviours at the same level, could help inform future interventions to promote optimal water use. 40, 41 It remains possible that interventions to promote increased access to safe water may lead to compensating behaviours, such as reduced in-house water treatment or a degradation in general hygiene, that diminish the effectiveness of the interventions. The phenomenon of "prevalence elasticity" -in which the beneficiaries of health interventions reduce their investment in self-protection -has been widely discussed among health economists but scarcely considered by the water sector. 42 
Discussion
The discussion over the JMP's current definitions of "improved" and "unimproved" water sources and the process of revising those definitions for use in post-2015 assessments have been useful in highlighting several important unknowns. Among the most important of these is the question of whether people obtain meaningful reductions in their health risks when they gain access to so-called "improved" sources, such as stored rainwater, protected wells and springs, public standpipe or on-plot piped water supplies. On-plot piped supplies theoretically remove the need for both water collection and in-house water storage and may allow consumption of increased volumes of water and improvements in hygiene and provide other health and non-health benefits. It has been generally assumed that water delivered to a household through a pipe will be of higher microbiological quality than water from other sources and that piped supplies will be reliable enough to remove the need for the domestic storage of water. For many households with piped water supplies, these assumptions have proved to be incorrect. The larger question for the public health community seems to be "how good does a water source have to be to interrupt endemic transmission of the pathogens that cause diarrhoeal disease and to prevent major outbreaks of such disease?" Although the end goal remains a piped water supply that is uninterrupted and safe for every household, millions of households are unlikely to obtain such a supply for several decades. 43 The authors of The Lancet's Global Burden of Disease series 44 recently conducted an updated review of experimental and quasi-experimental epidemiological studies in which the effect of water-or sanitation-related interventions on the risk of diarrhoeal disease were investigated. The authors found that, compared with the risk associated with other "improved" sources of water, disease risk was not significantly reduced by access to an on-plot piped supply of water or by any interventions to improve water quality. In a subsequent analysis, the disease burden attributable to inadequacies in water supply and sanitation was assumed to apply only to those without access to an "improved" source -as defined by the JMP -and no attempt was made to quantify the effects of personal hygiene. The analysis appeared to reveal that the water-and sanitation-attributable burden had fallen to 0.9% of the global burden of disease in 2010, which was less than the corresponding values recorded in 1990 (6.8%) and 2000 (3.7%). 45 Leaving aside several other issues that have been raised in response to this analysis, 46 the analysts assumed that there are no positive health benefits of a safe, on-plot water supply over and above those associated with other "improved" sources. This assumption highlights the poor quality of the epidemiological evidence base for water, sanitation and hygiene, which is a problem that Lim et al. emphasized in qualifying their analysis. 44 It also raises the question of whether all "improved" water supplies are microbiologically safe. Even a superficial look at the state of the world's water delivery infrastructure would indicate that such a conclusion is invalid. Even piped-to-plot drinking water may originate from an unsafe or untreated source, may be supplied only intermittently and therefore be susceptible to contamination, and may be stored unsafely once collected. Unfortunately, there is a dearth of epidemiological evidence on the benefits associated with safer water in low-income settings, 47 where routes of exposure are rarely through drinking water only, current indicators of microbial quality are imprecise measures of risk, most commonly used measures of health outcomes are subjective and experimental and blinded studies are difficult to implement. Although there is a growing body of evidence on the health and non-health advantages offered by on-plot access to consistently treated water, 9, 48, 49 the sustainable scaling up of access remains a major challenge. The results of recent studies indicate that the consistency of access to water of high quality may be central to delivering health benefits, 50 since such benefits can be compromised by just a few days of consuming higher-risk water or even by modest reductions in adherence to interventions that have been designed to improve water quality. 34, 51 Improved epidemiological and risk assessment studies that account for the complex, dynamic, human and environmental factors that influence microbial water quality would provide further insight into the importance of drinking-water safety to public health in "real-world" -and especially low-income -settings. ■ Competing interests: None declared. 
Résumé

Pourquoi les sources d'eau «améliorées» ne sont pas toujours sûres
Les indicateurs existants et proposés pour la distribution de l'eau potable des ménages visent à mesurer la disponibilité, la salubrité et l'accessibilité des sources d'eau. Cependant, ces caractéristiques peuvent être très variables dans le temps et l' espace, et ces variations compliquent la tâche de création et de mise en oeuvre d'indicateurs simples et extensibles. Dans le présent article, nous mettons l'accent sur ces facteurs -en particulier, sur ceux qui concernent les sources d' eau soi-disant améliorées -qui contribuent à la variabilité de la salubrité de l' eau, mais qui peuvent ne pas être perçus généralement comme importants par les non-spécialistes. Les problèmes d'approvisionnement en eau, en quantité suffisante et en qualité satisfaisante -ces problèmes interdépendants sont souvent influencés par le comportement des hommes -peuvent contribuer à un risque accru d' être en mauvaise santé. Ce risque peut être masqué par les indicateurs globaux de l' eau qui indiquent que nous sommes en bonne voie de répondre aux besoins en eau potable de la planète. Compte tenu de la complexité du sujet et des lacunes des connaissances actuelles, les indicateurs internationaux pour l'accès à l' eau portable doivent être interprétés avec une grande prudence. Nous avons besoin de recherches ciblées et plus approfondies sur les effets sanitaires des améliorations dans le domaine de l'approvisionnement en eau potable.
Резюме
Почему «улучшенные» водные источники не всегда безопасны
Существующие и предлагаемые контрольные показатели работы коммунальных служб снабжения питьевой водой предназначены для оценки наличия, безопасности и доступности водных источников. Однако критерии оценки могут сильно меняться с течением времени и в разных местах, и эти изменения усложняют задачу выработки и внедрения простых и масштабируемых контрольных показателей. Данная работа ставит целью выделение этих факторов -особенно таких, которые касаются так называемых «улучшенных» водных источников и создают разброс в оценке безопасности воды, но которые не все неспециалисты рассматривают в качестве важных. Снабжение водой надлежащего качества и в достаточном количестве -это взаимосвязанные проблемы, которые часто обусловлены поведением людей и могут отрицательно влиять на состояние их здоровья. Такой риск может не выявляться с помощью глобальных контрольных показателей воды, указывающих лишь на то, что мы идем по пути к удовлетворению мировых потребностей в питьевой воде. Учитывая сложность темы и существующие пробелы в знаниях, международные контрольные показатели доступа к питьевой воде следует интерпретировать с большой осторожностью. Необходимы дальнейшие целенаправленные исследования, связывающие улучшение снабжения питьевой водой и состояние здоровья населения. 
Resumen
Por qué las fuentes de agua «mejoradas» no siempre son seguras
Las mediciones existentes y propuestas para los servicios de agua potable de los hogares pretenden considerar la disponibilidad, seguridad y accesibilidad de las fuentes de agua. No obstante, estas características pueden variar mucho a lo largo del tiempo y del espacio, lo que complica la tarea de crear y poner en práctica mediciones sencillas y ampliables. En este documento destacamos los factores, en particular los relacionados con las llamadas fuentes de agua mejoradas, que contribuyen a la variabilidad de la seguridad del agua pero que, por lo general, los legos no identifican como importantes. Los problemas en el suministro de agua en cantidad y calidad suficientes, problemas interrelacionados en los que el comportamiento humano influye a menudo, pueden contribuir a un mayor riesgo de problemas sanitarios. Ese riesgo puede quedar oculto por mediciones de agua globales que indican que vamos camino de satisfacer las necesidades de agua potable en el mundo. Dada la complejidad del tema y las lagunas de conocimiento actuales, las mediciones internacionales sobre el acceso al agua potable deberían interpretarse con mucha cautela. Necesitamos más investigaciones específicas sobre el impacto sanitario asociado a las mejoras de los suministros de agua potable.
